In the N-terminal domain of thermolysin, two polypeptide strands, Asn112-Ala113-Phe114-Trp115 and Ser118-Gln119-Met120-Val121-Tyr122, are connected by a short loop, Asn116-Gly117, to form an anti-parallel -sheet. The Asn112-Trp115 strand is located in the active site, while the Ser118-Tyr122 strand and the Asn116-Gly117 loop are located outside the active site. In this study, we explored the catalytic role of Gly117 by site-directed mutagenesis. Five variants, G117A (Gly117 is replaced by Ala), G117D, G117E, G117K, and G117R, were produced by co-expressing in Escherichia coli the mature and pro domains as independent polypeptides. The production levels were in the order G117E > wild type > G117K, G117R > G117D. G117A was hardly produced. This result is in contrast to our previous one that all 72 active-site thermolysin variants were produced at the similar levels whether they retained activity or not (M. Kusano et al. J. Biochem., 145, 103-113 (2009)). G117E exhibited lower activity in the hydrolysis of N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide and higher activity in the hydrolysis of Ncarbobenzoxy-L-aspartyl-L-phenylalanine methyl ester than the wild-type thermolysin. G117K and G117R exhibited considerably reduced activities. This suggests that Gly117 plays an important role in the activity and stability of thermolysin, presumably by affecting the geometries of the Asn112-Trp115 and Ser118-Tyr122 strands.
Thermolysin (EC 3.4.24.27) is a thermostable neutral metalloproteinase produced in the culture broth of Bacillus thermoproteolyticus. [1] [2] [3] It requires one zinc ion for enzyme activity and four calcium ions for structural stability, [4] [5] [6] and catalyzes specifically the hydrolysis of peptide bonds containing hydrophobic amino acid residues. 7, 8) Thermolysin consists of 316 amino acid residues, and the amino acid sequence has been determined. 9) It consists of a -rich N-terminal domain and an -helical C-terminal domain. [10] [11] [12] The active site of thermolysin is composed of one zinc ion and five polypeptide regions: an N-terminal strand (Asn112-Trp115), -helix 1 (Val139-Thr149), C-terminal loop 1 (Asp150-Gly162), -helix 2 (Ala163-Val176), and C-terminal loop 2 (Gln225-Ser234).
13) The -helix 1 is located at the bottom of the active site cleft, containing the zinc-coordinating motif 142 HEXXH and connecting the N-and C-terminal domains. The activity and stability of thermolysin markedly increase at high concentrations (1-5 M) of neutral salts, 8, [14] [15] [16] [17] [18] although the mechanisms have not been well elucidated.
Thermolysin is widely used in peptide bond formation through the reverse reaction of hydrolysis, in particular N-carbobenzoxy-L-aspartyl-L-phenylalanine methyl ester (ZDFM), a precursor of the artificial sweetener aspartame, from N-carbobenzoxy-L-aspartic acid (ZD) and L-phenylalanine methyl ester (FM). 14, 19) Improvement of its activity and stability and modification of its pH-activity profile are thus still important goals. Sitedirected mutagenesis studies of thermolysin have been done extensively, especially on its active-site residues. [20] [21] [22] [23] [24] [25] [26] [27] [28] Of the active-site residue variants, L144S, D150E, and I168A have higher activities than wildtype thermolysin (WT) in the hydrolysis of N-[3-(2-furyl)acryloyl]-glycyl-L-leucine amide (FAGLA), a widely used substrate for thermolysin, 14, 29) and ZDFM. L155A has higher stability than WT. 23, 24) N112D, 25) F114H, 13) and Q225A 26) have modified pH-activity profiles. In the N-terminal domains of thermolysin, two parallel polypeptide strands, Asn112-Ala113-Phe114-Trp115 and Ser118-Gln119-Met120-Val121-Tyr122, are connected by a short loop, Asn116-Gly117, to form an anti-parallel -sheet (Fig. 1) . The Asn112-Trp115 strand is located in the active site, while the Ser118-Tyr122 strand and the Asn116-Gly117 loop are located outside the active site. The objective of this study was to explore the catalytic role of Gly117 by site-directed mutagenesis. Thermolysin variants were expressed, purified, and characterized for their activities and thermal stabilities in the hydrolysis of FAGLA and ZDFM.
Materials and Methods
Materials. Bovine milk casein of Hammerstein grade (lot WKL1761) was purchased from Wako Pure Chemical (Osaka, Japan). FAGLA (lot 111K1764) was purchased from Sigma (St. Louis, MO). The concentrations of FAGLA and ZDFM were determined spectrophotometrically using the molar absorption coefficients, " 345 ¼ 766
14,18)
Bacterial strains, plasmids, and transformation. E. coli K12 JM109, recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1, Á(lac-proAB), F 0 (traD36, proAB þ lac Iq , lacZÁM15), was used. pTMP1 is an y To whom correspondence should be addressed. Tel: +81-75-753-6266; E-mail: inouye@kais.kyoto-u.ac.jp
expression plasmid that co-expresses the mature sequence of thermolysin which contains the pelB leader sequence at its N-terminus and the pre-prosequence of thermolysin, as described previously. 30) Sitedirected mutagenesis was carried out using a QuikchangeÔ sitedirected mutagenesis kit (Stratagene, La Jolla, CA). The nucleotide sequences of the mutated thermolysin genes were verified with a Shimadzu DNA sequencer DSQ-2000 (Shimadzu, Kyoto, Japan). JM109 cells were transformed with the resulting plasmids and cultured in L broth. Ampicillin was used at a concentration of 50 mg/ml.
Production of thermolysin variants. Thermolysin variants were expressed in the supernatant of E. coli cultures and purified to homogeneity by sequential column chromatography of the supernatant, as described previously. [30] [31] [32] Briefly, for seed culture, 5 ml of L broth in a 20-ml test tube was inoculated with glycerol stock of transformed JM109 cells and grown with shaking at 37 C for 12 h. The culture (5 ml) was diluted 100 times with 500 ml of L broth in a 1-liter flask and incubated at 37 C for 48 h, with 0.1% w/v anti-foam A (Sigma) and vigorous aeration with an air pump. The supernatant was applied to a column packed with Toyopearl Phenyl-650M gel (Tosoh, Tokyo). Active fractions were pooled and then applied to a column of glycyl D-phenylalanine coupled to CNB-activated Sepharose 4B resin (Amersham-Pharmacia Biotech, Uppsala, Sweden). Prior to kinetic measurement, the preparations were desalted using pre-packed PD-10 gel filtration columns (Amersham Biosciences, Uppsala, Sweden).
SDS-PAGE. SDS-PAGE was performed in a 12.5% polyacrylamide gel under reducing conditions by the method of Laemmli.
33) A constant current of 40 mA was applied for 40 min. Supernatants were reduced by treatment with 2.5% 2-mercaptoethanol at 100 C for 10 min. Proteins were stained with Coomassie Brilliant Blue R-250. A molecular-mass marker kit consisting of rabbit muscle phosphorylase b (97.4 kDa), bovine serum albumin (66.3 kDa), rabbit muscle aldolase (42.4 kDa), bovine erythrocyte carbonic anhydrase (30.0 kDa), soybean trypsin inhibitor (20.1 kDa), and hen egg white lysozyme (14.4 kDa) was from Daiichi Pure Chemicals (Tokyo).
Two-dimensional gel electrophoresis. Isoelectric focusing (IEF) was done with agarGel (Atto, Tokyo), containing carrier ampholytes (pH 3-10) and discRun (Atto). A constant voltage of 300 V was applied for 210 min. Purified wild-type thermolysin or G117E (50 ml of 2 mg/ml in 60 mM Tris-HCl pH 8.9, 5 M urea, 1 M thiourea, 1% v/v 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS), 1% v/v Triton X-100, and 1% w/v DTT) was applied to agarGel. After IEF, the gels were expelled from the tubes and equilibrated in 2.5% w/v trichloroacetic acid for 3 min, followed by immersion in water. They were then placed on top of a 12.5% polyacrylamide gel, and SDS-PAGE was done as described above.
Hydrolysis of casein. Casein-hydrolyzing activity was measured by methods described previously. 3, 26) The thermolysin solution (0.5 ml) was added to 1.5 ml of a solution containing 1.33% w/v casein and 40 mM Tris-HCl pH 7.5, and incubated at 25 C for 30 min. The reaction was stopped by the addition of 2 ml of a solution containing 0.11 M trichloroacetic acid, 0.22 M sodium acetate, and 0.33 M acetic acid. After 1-h of incubation at 25 C, the reaction mixture was filtered through Whatman no. 2 filter paper (70 mm in diameter), and the absorbance (A 275 ) at 275 nm was measured. One proteolytic unit (PU) of activity was defined as the amount of enzyme activity needed to liberate a quantity of acid-soluble peptides corresponding to an increase in A 275 of 0.0074 (A 275 of 1 mg of tyrosine)/min.
Spectrophotometric analysis of the thermolysin-catalyzed hydrolysis of FAGLA. Thermolysin-catalyzed hydrolysis of FAGLA was measured by the decrease in absorbance (A 345 ) at 345 nm. 8, 14) The amount of FAGLA hydrolyzed was evaluated using the molar absorption difference due to hydrolysis, Á" 345 ¼ À310 M À1 cm À1 , at 25 C. 8, 14, 28) The reaction was carried out in 40 mM acetate-NaOH buffer at pH 4.0-5.5, 40 mM MES-NaOH buffer at pH 5.5-7.0, 40 mM HEPES-NaOH buffer at pH 7.0-8.5, and TAPS-NaOH buffer at pH 8.0-9.0, each of which contained 10 mM CaCl 2 , at 25 C. Hydrolysis was carried out under pseudo first-order conditions, where the substrate concentration is much lower than the Michaelis constant (K m ) (>30 mM) 14) because of the slight solubility (<6 mM) of FAGLA. 8, 14, 28) Under the conditions, the kinetic parameters, K m and the molecular activity (k cat ), cannot be determined separately, and enzyme activity was evaluated by the specificity constant (k cat =K m ). The intrinsic k cat =K m , (ðk cat =K m Þ o ), and the proton dissociation constants (K e1 and K e2 ) for the bell-shaped pH-dependence of the activity (k cat =K m ) were calculated from eq. (1) by a non-linear least-squares regression method with Kaleida Graph Version 3.5 (Synergy Software, Essex, VT):
In this equation, ðk cat =K m Þ obs and [H] are the k cat =K m value observed and the proton concentration respectively at a specified pH, and K e1 and K e2 correspond to the pK a s in the acidic and alkaline sides of the pH-dependence curve of ðk cat =K m Þ obs .
Spectrophotometric analysis of the thermolysin-catalyzed hydrolysis of ZDFM. Thermolysin-catalyzed hydrolysis of ZDFM was measured by following the decrease in absorbance (A 224 ) at 224 nm.
14) The amount of ZDFM hydrolyzed was measured using the molar absorption difference due to hydrolysis,
C. 14) The reaction was carried out with thermolysin in 40 mM TrisHCl buffer (pH 7.5) containing 10 mM CaCl 2 at 25 C. The kinetic parameters, k cat and K m , were determined with Kaleida Graph Version 3.5, based on the Michaelis-Menten equation using the non-linear least-squares method. 34) Thermal inactivation of thermolysin. Thermolysin (0.5-8 mM) in 40 mM HEPES-NaOH buffer pH 7.5 containing 10 mM CaCl 2 was incubated at 80 C for 0-24 min. Then it was incubated at 25 C for 1 min. The remaining activity of thermolysin toward FAGLA hydrolysis was determined as described above. Under the assumption that thermal inactivation of thermolysin is irreversible and consists of only one step, 27, 28, 35) the first-order rate constant, k obs , of thermal inactivation was evaluated by plotting the logarithm of the residual activity (k cat =K m ) against the duration of thermal treatment.
Results
Production of Gly117 variants to homogeneity Gly117 was changed into one of the negatively charged amino acids (Asp and Glu), one of the positively charged ones (Lys and Arg), or an uncharged The structure is based on Protein Data Bank no. 8TLN. The main chain is represented by a ribbon model. Side chains of the residues of the Asn112-Ala113-Phe114-Trp115 strand, the Asn116-Gly117 loop, the Ser118-Gln119-Met120-Val121-Tyr122 strand, and the catalytically important residue Glu143 are represented by ball and stick.
one (Ala). Wild-type thermolysin (WT) and variants were expressed in E. coli and purified from the supernatants. Figure 2 shows a time course for the cultures of the transformants. In the transformants with the expression plasmids for WT and G117E, casein hydrolysis activities appeared in the supernatants and increased progressively even after OD 600 reached maximum. In the transformants with the expression plasmid for G117D, G117K, and G117R, low casein hydrolysis activity appeared in the supernatants and increased slightly with time. In the transformants with the expression plasmid for G117A, casein hydrolysis activities did not appear in the supernatants.
On SDS-PAGE of the culture supernatants of the E. coli cells transformed with the expression plasmids for WT and the Gly117 variants under reducing conditions, the 34-kDa protein band was clearly detected for WT, G117E, and G117K, but was hardly detected for G117A, G117D, or G117R (data not shown). Figure 3 shows SDS-PAGE of the purified WT and the Gly117 variants, except for G117A. The thermolysin thus obtained yielded a single band with a molecular mass of 34 kDa. From 380-850 ml of the culture supernatants, 1.1 mg of WT, 0.04 mg of G117D, 1.8 mg of G117E, 0.10 mg of G117K, and 0.10 mg of G117R were recovered. Purified G117A was not obtained. Isoelectric focusing showed that the pI values of WT and G117E were 5.3 and 4.8 respectively (data not shown), indicating that the pI value of thermolysin shifted by pH 0.5 unit due to the mutation of Gly117!Glu.
Characterization of Gly117 variants
The specific activities of WT, G117D, G117E, G117K, and G117R in the hydrolysis of casein were 11,000, 2,000, 12,000, 3,200, and 2,900 units/mg respectively, indicating that the specific activity of G117E was almost the same as that of WT, while those of G117D, G117K, and G117R were 20-30% of that of WT. We did not attempt further characterization of G117D due to a shortage of purified enzyme. Figure 4A shows the pH-dependence of the k cat =K m of the thermolysin-catalyzed hydrolysis of FAGLA at 25 C. All the plots showed bell-shaped curves, with an optimal pH around 7. The ðk cat =K m Þ o , pK e1 , and pK e2 values are summarized in Table 1 . The ðk cat =K m Þ o values for G117E, G117K, and G117R were 80, 40, and 40% respectively of that of WT. The pK e1 and pK e2 values of the variants were similar to that of WT, except for the pK e2 value for G117R (8:6 AE 0:1), which was higher by 0:4 AE 0:3 units than that for WT (8:2 AE 0:2). Figure 4B shows the dependence of the initial reaction rate (v o ) of the thermolysin-catalyzed hydrolysis of ZDFM at pH 7.5 at 25 C on the substrate concentration. All the plots showed saturated profiles. The k cat and K m values are summarized in Table 2 . The k cat =K m values of G117E, G117K, and G117R were 130, 80, and 50% respectively of that of WT. The high k cat =K m value of G117E was ascribed to its high k cat value.
We have reported that thermolysin activity increases with increasing concentration of neutral salts such as NaCl, and that the degree of NaCl-induced activation, which is defined as the ratio of the k cat =K m value at 4 M NaCl to that at 0 M NaCl, is in the range of 13-15. Table 3 shows the k cat =K m values at 0 and 4 M NaCl in the hydrolysis of FAGLA and the degrees of NaClinduced activation. The degrees of activation of G117E, G117K, and G117R were 90, 30, and 50% respectively of that of WT. Figure 4C shows the time-dependence of thermal inactivation of the thermolysin variants at 80 C. Inactivation followed pseudo first-order kinetics. The observed first-order rate constants, k obs , for the thermal inactivation reaction are summarized in Table 4 . The order for k obs was G117K > G117R > G117E > WT. Thus thermal inactivation of thermolysin at 80 C was enhanced in the variants in the order G117K > G117R > G117E. 
Discussion
Altered substrate specificity of G117E In thermolysin, the S1 subsite is constituted by Phe114, and the S1 0 subsite by Phe130, Leu133, Val139, Ile188, Gly189, Val192, and Leu202. 10, 11, 21, 25) Crystallographic analysis of the complex of thermolysin and an analog of the tetrahedral intermediate carbobenzoxy-Gly P -L-Leu-L-Leu (''Gly P '' indicates the tetrahedral phosphorus of a phosphonamidate moiety corresponding to the trigonal carbon of the peptide linkage) revealed the postulated hydrogen bonds between thermolysin and the substrate, ND2 of Asn112 and O of the P2 0 residue, OD1 of Asn112 and N of the P2 0 residue, O of Ala113 and N of P1 0 Leu, and N of Trp115 and O of P2 residue. 36) Based on these findings, we speculate as follows: (i) Thermolysin variants with altered substrate specificity are obtained if the geometry of the S1 and S1 0 subsites can be changed without much affecting the backbone structure of the Asn112-Trp115 strand, and (ii) the geometry of the Asn112-Trp115 strand can be changed by mutation of Gly117, because the Asn116-Gly117 loop connects the Asn112-Trp115 strand and the Ser118-Tyr122 strand, and Gly is the most flexible C. C, Thermal inactivation of thermolysins. Thermolysin (1 mM) in 40 mM HEPES-NaOH buffer (pH 7.5) containing 10 mM CaCl 2 was incubated at 80 C for 0-24 min. The FAGLA-hydrolytic reaction was carried out with initial concentrations of enzyme and FAGLA of 100 nM and 400 mM respectively at 25 C. The remaining activity (k cat =K m ) was expressed as the relative value to that of the intact enzyme (WT, 26 
The reaction was carried out in 40 mM HEPES-NaOH buffer at pH 7.5, containing 10 mM CaCl 2 , at 25 C. Average of triplicate determinations with the SD value is shown. Numbers in parentheses indicate values relative to wild-type thermolysin (WT). amino acid residue.
The specific activities of G117E and WT in the hydrolysis of casein were almost the same, as described in ''Results.'' However, the k cat =K m value in the hydrolysis of FAGLA of G117E was slightly lower than that of WT (Fig. 4A, Table 1 ), while the k cat =K m value in the hydrolysis of ZDFM of G117E was slightly higher than that of WT (Fig. 4B, Table 2 ). The enhanced k cat =K m value of G117E in the hydrolysis of ZDFM is ascribable to an increase in k cat . FAGLA and ZDFM are substrates routinely used in the characterization of thermolysin 3, 14) and neutral proteases from Bacillus stearothermophilus. [37] [38] [39] FAGLA is a poorly soluble neutral dipeptide, while ZDFM is a negatively charged dipeptide. We have reported several thermolysin variants, L144S, D150E, and I168A, with higher FAGLA-and ZDFM-hydrolyzing activities than WT. 13, 27, 28) On the other hand, G117E is the first thermolysin variant with lower FAGLA-hydrolyzing and higher ZDFM-hydrolyzing activities. Our strategy appeared to be effective in altering the substrate specificity of thermolysin.
Decreased production levels of G117A and G117D G117A was not produced at detectable levels in the supernatant of the E. coli transformants (Figs. 2 and 3) . For their expression, we used the E. coli expression system, which does not require autocatalytic cleavage, in which the mature domain of thermolysin, containing an NH 2 -terminal pectate lyase B leader sequence and the pre-prodomain of thermolysin, were co-expressed constitutively in E. coli as independent polypeptides under the original promoter sequences in the npr gene, which encodes thermolysin. 30) Indeed, all 72 active-site thermolysin variants were produced at similar levels by this system whether they retained activity or not. 30) Considering that Ala is more hydrophobic than Gly, the introduced Ala117 might be oriented into a polar environment or outside the protein core, rendering the protein unstable.
G117D was produced at detectable levels in the supernatant of the E. coli transformants, but was scarcely purified (Figs. 2 and 3 ). Asp and Glu have similar characteristics: the pK a s of their side chains in the proteins are 4.4-4.6, their hydrophobicity scores are À3.5, and their volumes are 125 and 155 Å 3 respectively. 40) There is no explanation at this stage why the mutation Gly117!Glu is favorable, while Gly117!Asp is not.
Decreased activities and stabilities of G117K and G117R
In the hydrolysis of FAGLA and ZDFM, the k cat =K m values of G117K and G117R were in a range of 40-60% of those of WT (Tables 1 and 2 ), their degrees of the salt-induced activation were 30-50% of that of WT (Table 3) , and their k obs values for thermal inactivation at 80 C were 220-400% of that of WT (Table 4) . We speculate that the positive charge introduced at position 117 affects the geometry of the Asn112-Trp115 strand and decreases the activity and stability of thermolysin. In regard to this, according to the crystal structure of thermolysin (Protein Data Bank no. 8TLN), the distance OD2 of Asp150 and C of Gly117 is only 4.2 Å . Asp150 is located at C-terminal loop 1 (Asp150-Gly162) in the active site. We have found that D150E showed higher activity, while D150H and D150W showed higher stability. 13) We assume that introduced Lys or Arg at position 117 interacts with Asp150, rendering the protein less active and stable.
Thermolysin is surely a representative zinc metalloproteinase with high activity and stability. However, if its substrate specificity can be altered as we hope, it can provide many benefits to industry. Recent crystallographic analyses of aminopeptidase N have revealed that aminopeptidase N and thermolysin are strikingly similar in the structure of the C-terminal, but not the N-terminal, domain. [41] [42] [43] There is a possibility that aminopeptidase activity can be generated in thermolysin by introducing negative charges that can recognize the positive charges of the N-terminal amino nitrogen of the substrate. In conclusion, Gly117 plays an important role in the activity and stability of thermolysin, presumably by affecting the geometry of the Asn112-Trp115 and Ser118-Tyr122 strands. Site-directed mutagenesis experiments on Asn116 are currently underway.
